Hepcidin is the major regulator of systemic iron homeostasis in mammals. Hepcidin is produced mainly by the liver and is increased by inflammation, leading to hypoferremia. We measured serum levels of bioactive hepcidin and its effects on serum iron levels in mice infected with Borrelia burgdorferi. Bioactive hepcidin was elevated in the serum of mice resulting in hypoferremia. Infected mice produced hepcidin in both liver and spleen. Both intact and sonicated B burgdorferi induced hepcidin expression in cultured mouse bone marrrow macrophages. Hepcidin production by cultured macrophages represents a primary transcriptional response stimulated by B burgdorferi and not a secondary consequence of cytokine elaboration. Hepcidin expression induced by B burgdorferi was mediated primarily by activation of Toll-like receptor 2. (Blood. 2009;114:1913-1918 
Introduction
Hepcidin is a cysteine-rich peptide produced mainly in hepatocytes and is a major regulator of cellular iron export in all vertebrates. Ferroportin, the only known cellular iron exporter, is present on the plasma membrane of hepatocytes, macrophages, enterocytes, and syncytial trophoblasts. Hepcidin binds to ferroportin leading to its internalization and degradation. The loss of cell surface ferroportin causes cellular retention of iron. 1 Elevated serum hepcidin levels have been associated with persistent hypoferremia and have been causally linked to the anemia of inflammation (also known as the anemia of chronic disease). Proinflammatory cytokines, such as interleukin-6 (IL-6) and IL-1, have been shown to induce the secretion of hepcidin by hepatocytes. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Hepcidin is also produced by macrophages and monocytes 12, 13 in response to the inflammatory mediator lipopolysaccharide (LPS) acting through Toll-like receptors (TLRs). The proportion of serum hepcidin contributed by macrophages is not known.
Lyme disease is a systemic inflammatory condition caused by the tick-borne spirochete Borrelia burgdorferi. 14 A model of Lyme disease has been extensively studied in C3H and C57BL/6 mice. 15, 16 Although both mouse strains harbor similar numbers of spirochetes within their ankle joints, C3H mice develop severe arthritis 4 weeks after infection with B burgdorferi, whereas C57BL/6 mice display milder disease. B burgdorferi does not contain LPS, although it does contain proteins modified by a tripalmitoyl-S-glyceryl-cysteine moiety, which induces inflammatory cytokines through interaction with heterodimers of TLR2/ TLR1. 15, [17] [18] [19] [20] Furthermore, B burgdorferi does not have ironcontaining proteins and does not use iron for survival. 21 For these reasons, we thought B burgdorferi is an appropriate organism to study the relationship between systemic inflammation, serum hepcidin, and serum iron levels. We report here that persistent infection of mice with B burgdorferi leads to high levels of serum hepcidin that correlate with hypoferremia. Splenic macrophages appear to be an important contributor to serum hepcidin production, and isolated macrophages respond to B burgdorferi with induction of hepcidin transcription before serum IL-6 protein is detectable.
Methods

Animals
Animal studies were performed with the approval of the Animal Research Committee at the University of Utah. C3H/HeN (C3H) and C57BL/6 mice were obtained from Charles River Laboratories. MyD88 Ϫ/Ϫ and TLR2 Ϫ/Ϫ C57BL/6 mice were gifts from Dr S. Akira (Hyogo College of Medicine) and purchased from Tularik, respectively, as previously described. 22 C57BL/6 TLR9 Ϫ/Ϫ mice were from the MutantMouse Resource at the University of California, Davis. A total of 4 female mice were used to complete each experiment. All mice were 6 weeks of age.
Cells and media
HEK293T-ferroportin (Fpn) cells, a stable cell line in which Fpn-GFP is regulated by the ecdysone promoter, were grown as described. 23 Fpn-GFP expression was induced by the addition of 10 M Ponasterone A (AG Scientific).
B burgdorferi culture and infection
Spirochetes were cultured in Barbour-Stoenner-Kelly II medium containing 6% rabbit serum (Sigma-Aldrich) for 4 days before injection. Mice were infected by intradermal injection at 6 to 7 weeks of age with the N40 isolate of B burgdorferi (originally provided by S. Barthold, University of California, Davis). Control animals were intradermally injected with sterile Barbour-Stoenner-Kelly II containing 6% rabbit serum.
Assessment of infection status and arthritis severity
Rear ankle joint diameter was measured in mice at the time of infection and at 4 weeks later using a metric caliper. Measurements were taken of the thickest anteroposterior portion of the ankle with the joint extended. Data are reported as the ankle diameter (millimeters) at 4 weeks of infection.
Mouse tissue collection
Blood was collected by eye bleed or by cardiac puncture and kept for 1 hour at room temperature and overnight at 4°C. Serum was then obtained by centrifugation. Livers and spleens were homogenized and used for total RNA extraction using RNeasy (QIAGEN) according to the manufacturer's instructions. RNA from cultured mouse macrophages was isolated using the same procedure.
RT-PCR
Fifty nanograms of mRNA was used for reverse-transcription polymerase chain reaction (RT-PCR) One Step according to the manufacturer's instructions (Invitrogen). Mouse hepcidin, IL-6, and ␤-actin expression was analyzed. The relative expression in each sample was calculated using Quantity-one Software (Bio-Rad). The primer sequences used for RT-PCR are listed in Table 1 .
Mouse bone marrow macrophages isolation
Mouse bone marrow macrophages were isolated from femurs and grown in RPMI 1640 with 20% equine serum for 4 days. Adherent cells were further cultured in RPMI 1640 with 20% fetal bovine serum and 30% L cellconditioned medium (a source of macrophage colony-stimulating factor) until experimental manipulation.
Other procedures
Serum hepcidin was measured as described previously. 24 Total protein extractions from livers and spleens were obtained by homogenization in the presence of 1.0% Triton X-100, 150 mM NaCl, 10 mM ethylenediaminetetraacetic acid, and 10 mM Tris, pH 7.4, with a protease inhibitor cocktail (Roche Diagnostics). Western blot analysis was performed using rabbit antiferroportin (1:1000), rabbit antihepcidin (1:1000), mouse antitubulin (1:1000; GeneTex) followed by either peroxidase-conjugated goat antirabbit immunoglobulin IgG (1:10 000; Jackson ImmunoResearch Laboratories), or peroxidase-conjugated goat anti-mouse IgG (1:10 000; Jackson ImmunoResearch Laboratories). 25 All Western blots were normalized for total protein concentration using the bicinchoninic acid assay (Pierce Chemical). Serum IL-6 was analyzed using Mouse IL-6 Ready-Set-Go (eBioscience) according to the manufacturer's instructions. Serum ferritin was measured as described previously. 26 Transferrin saturation was assayed with a total iron-binding capacity kit and used according to the manufacturer's instructions (TECO Diagnostics). Unmethylated cytosine and guanine nucleotides separated by phosphate (CpG) were synthesized at the Core Facility of the University of Utah. LPS and peptidoglycan were purchased from Sigma-Aldrich. Polyinosine-polycytidylic acid (Poly(I-C)) was purchased from Invivogen. All experiments were performed a minimum of 3 times. Standard error (SE) bars are represented in the graphs. P values were calculated using the Student t test. P values less than .05 were considered significant.
Results
Hepcidin is elevated in B burgdorferi-infected mice C3H-and C57BL/6-infected and uninfected control mice were sacrificed 4 weeks after inoculation with B burgdorferi. Rear ankle swelling, one measure of B burgdorferi-induced arthritis severity that correlates with the histopathologic assessment of arthritis, was used to monitor arthritis development in infected mice. 18 Rear ankle measurements were greater in infected mice compared with control mice, and C3H-infected mice developed a more severe arthritis than C57BL/6 infected mice ( Figure 1A ). C3H and C57BL/6 mice infected with B burgdorferi had serum hepcidin levels several-fold higher than control mice, although C57BL/6-infected mice had milder arthritis. This suggests that serum hepcidin is a marker of infection but is not an indicator of arthritis severity ( Figure 1B) . Serum hepcidin was analyzed weekly for 4 weeks after infecting C3H mice with B burgdorferi. Serum hepcidin levels were elevated 3-fold relative to controls after one week of infection. These levels continued to increase over the following 4 weeks until serum hepcidin levels in the infected mice were 5-fold more than in control mice ( Figure 1C ). To determine whether hepcidin transcripts were also increased in infected mice, we performed RT-PCR on both splenic and liver tissue from C3H mice after 4 weeks of infection. Hepcidin mRNA was elevated nearly 6-fold in the livers and 5-fold in the spleens of infected C3H mice compared with controls ( Figure 1D) .
B burgdorferi-infected mice with elevated serum hepcidin are hypoferremic
Elevated serum hepcidin levels in the infected mice were expected to lead to the internalization and degradation of plasma membrane ferroportin. We analyzed the amount of ferroportin in the liver and spleen of infected C3H mice by Western blot and compared the values with those of control mice. Ferroportin levels were lower in the livers and spleens of infected mice compared with controls ( Figure 2A ). Decreased levels of ferroportin were expected to affect serum iron levels. To determine whether elevated serum hepcidin levels were associated with hypoferremia (defined as low serum iron and low transferrin saturation), we analyzed serum iron concentration, transferrin saturation, and ferritin levels in infected C3H mice 4 weeks after inoculation with B burgdorferi. We compared these levels with those of control mice. Transferrin saturation was significantly decreased in infected mice compared with controls. Infected mice also had lower serum iron levels and higher levels of serum ferritin. To determine whether B burgdorferi infection had hematologic effect similar to the anemia of inflammation, we measured hemoglobin and red blood cell parameters in infected and control animals. Hemoglobin levels were significantly lower in infected mice compared with controls, and the mean corpuscular volume was also lower in infected mice compared with controls ( Figure 2B ). Blood smears from infected mice showed more hypochromic red blood cells and target cells consistent with iron-deficient erythropoiesis (data not shown). These results indicate that B burgdorferi infection leads to increased hepcidin levels resulting in hypoferremia and anemia of inflammation.
Hepcidin expression results from TLR2 signaling
To determine whether serum IL-6 levels were associated with serum hepcidin induction, we measured IL-6 levels weekly for a total of 4 weeks in infected C3H mice. Serum IL-6 levels did not increase in infected mice for the first 2 weeks after inoculation but markedly increased 3 and 4 weeks after infection ( Figure 3A ). IL-6 transcripts were also elevated in the spleens and livers of infected mice 4 weeks after infection ( Figure 3B ). These results indicate that splenic cells, presumably macrophages, produce hepcidin and that the early hepcidin response to B burgdorferi is not induced by IL-6. These observations suggest that hepcidin expression might result from direct interaction of B burgdorferi with TLRs. To determine the role of TLRs in hepcidin up-regulation, we measured serum hepcidin levels in infected mice that had targeted gene deletions in specific TLRs or adapter proteins required for TLR signal transduction. We compared hepcidin levels in infected wild-type (WT) C57BL/6 mice with infected mice deficient in TLR2 (TLR2 Ϫ/Ϫ ), TLR9 (TLR9 Ϫ/Ϫ ), and MyD88 (MyD88 Ϫ/Ϫ ) on the same background. MyD88 is an adapter protein used by all TLRs, except TLR3. 27 The levels of hepcidin in MyD88 Ϫ/Ϫ and TLR9 Ϫ/Ϫ mice were similar to the levels in infected WT C57BL/6 mice. In contrast, infected TLR2 Ϫ/Ϫ mice had reduced hepcidin levels that were slightly above those seen in noninfected controls. Previous studies demonstrated that the number of spirochetes in tissues of TLR2 Ϫ/Ϫ mice was 10-to 20-fold greater than in control mice 28 ; thus, the absence of hepcidin was not the result of absence of bacteria in tissues. These results suggest that the interaction of B burgdorferi with TLR2 is responsible for increased hepcidin production ( Figure 3C ).
Macrophages produce hepcidin when exposed to B burgdorferi
To determine whether macrophages produce hepcidin in response to B burgdorferi, bone marrow macrophages from C3H mice were cultured with either sonicated or intact B burgdorferi. Sonicated B burgdorferi is killed bacteria, and intact B burgdorferi is living bacteria. Hepcidin levels measured in the culture media 24 hours after incubation showed that macrophages responded to both sonicated and intact B burgdorferi by producing 16-to 20-fold more hepcidin than controls ( Figure 4A ). In the first 2 weeks after infection with B burgdorferi, increased hepcidin levels were not accompanied by increased serum levels of IL-6. IL-6 is one of the main inducers of hepcidin expression. Other cytokines might induce hepcidin expression, but we hypothesized that hepcidin expression was a direct result of TLR activation. To test this hypothesis, we examined the effect of TLR activation from TLR-specific agonists (CpG, unmethylated cytosine and guanine For personal use only. on November 13, 2017. by guest www.bloodjournal.org From nucleotides separated by phosphate, a TLR9 agonist; lipopolysacchride, LPS, a TLR4 agonist; Poly(I-C), a TLR3 agonist; peptidoglycan, a TLR2 agonist) on hepcidin mRNA levels. TLR-specific agonists induced the expression of hepcidin mRNA in macrophages, and induction was not altered by the addition of cycloheximide, which inhibits the synthesis of cytokines ( Figure 4B ). These results indicate that hepcidin expression is a direct result of TLR activation.
Peptidoglycan, a TLR2 agonist, induced the transcription of hepcidin to greater levels than the other TLR agonists that were tested. To determine whether this hepcidin response was the result of hepcidin production from liver or spleen, we measured hepcidin transcripts from the liver and spleen of infected MyD88 Ϫ/Ϫ or TLR2 Ϫ/Ϫ mice. TLR2 Ϫ/Ϫ mice had lower levels of hepcidin transcripts than MyD88 Ϫ/Ϫ or WT mice ( Figure 4C ). Macrophages from TLR2 Ϫ/Ϫ mice, stimulated with sonicated B burgdorferi, produced lower amounts of hepcidin transcripts than did stimulated macrophages from MyD88 Ϫ/Ϫ or WT mice ( Figure 4D ). These data show that liver and spleen increased hepcidin transcripts in response to TLR2 activation. Addition of B burgdorferi to cultured macrophages showed that hepcidin induction is a direct response to theTLR2 agonist. The data also show that the absence of TLR2 prevented hepcidin production from the spleen and from isolated macrophages. There was, however, some production of hepcidin in liver, suggesting that the increase in hepcidin mRNA (2-fold) may be the result of hepatocytes.
Discussion
Hepcidin is a systemic regulator of iron transport in all vertebrates. Hepcidin affects the ability of cells to export iron into plasma by were analyzed for hepcidin production. Media from cultured macrophages was analyzed for hepcidin 24 hours after incubation. HEK 293T cells expressing Fpn-GFP were incubated with media used to culture WT macrophages infected with intact or sonicated B burgdorferi. Ferroportin degradation was analyzed by epifluorescence microscopy. (B) Bone marrow macrophages from C3H mice were stimulated with TLR-specific agonists (20 g/mL CpG, TLR9 agonist; 10 ng/mL LPS, TLR4 agonist; 20 g/mL Poly(I-C), TLR3 agonist; 20 g/mL peptidoglycan, TLR2 agonist) in the presence or absence of cycloheximide (7.5 g/mL). RNA was isolated and purified, and hepcidin and actin transcripts were analyzed by RT-PCR. (C) C57BL/6 uninfected (Control) and infected (WT), MyD88 Ϫ/Ϫ , and TLR2 Ϫ/Ϫ mice were sacrificed after 4 weeks of infection. RNA was isolated and purified from the livers and spleens, and hepcidin and actin transcripts were analyzed by RT-PCR. (D) Bone marrow macrophages from C57BL/6 control, WT, MyD88 Ϫ/Ϫ , and TLR2 Ϫ/Ϫ mice were stimulated with sonicated B burgdorferi. RNA was isolated and purified, and hepcidin and actin transcripts were analyzed by RT-PCR.
down-regulating the cell-surface iron transporter ferroportin. Inflammation increases hepcidin expression leading to hypoferremia. If inflammation persists, the hypoferremia can result in iron-limited erythropoiesis. Hepcidin is up-regulated by proinflammatory cytokines, such as IL-6. Although expression of hepcidin occurs in hepatocytes, other cells, including macrophages, are also capable of secreting hepcidin in direct response to whole bacteria or bacterial LPS. 6, 12 We have shown that serum hepcidin is elevated in mice infected with B burgdorferi, a spirochete that does not express LPS but expresses surface lipoproteins. 17 The consequence of elevated hepcidin is hypoferremia, which leads to anemia in the murine model of Lyme arthritis.
Serum hepcidin levels in infected mice increased after the first week of infection, before the elevations in serum IL-6, suggesting that hepcidin expression was induced by an alternative pathway. Our experiments show that TLRs, particularly TLR2, play a role in hepcidin regulation in response to B burgdorferi, an organism that does not express endotoxin but rather has tripalmitoyl-S-glycerylcysteine-modified cell-surface lipidated proteins. 29 These lipoproteins activate TLR2/TLR1 heterodimers, which results in a vigorous inflammatory response in vitro. 28 However, TLR2 is not essential for the development of Lyme arthritis in mice. Mice deficient for TLR2 (TLR2 Ϫ/Ϫ ) developed arthritis but minimally induced hepcidin when infected with B burgdorferi. These results suggest that a TLR2-dependent pathway is induced in the hepcidin response but not in the development of arthritis. We confirmed these findings by showing increased hepcidin levels after stimulating isolated C3H bone marrow macrophages with peptidoglycan, a TLR2 agonist. Bioactive hepcidin amounts also correlated with hepcidin mRNA levels. A previous study showed that LPS acting through TLR4 could induce hepcidin expression in response to endotoxin. 6 Our study shows that agonists for TLR9 also lead to induction of hepcidin expression. These data confirm prior studies that macrophages are important producers of hepcidin. 4, 6, 12, 13 The finding that hepcidin production is dependent on TLR2 but not MyD88, as no MyD88-independent adapter has been identified for TLR2 signaling, is puzzling. One explanation could be that the extremely high levels of B burgdorferi in tissues of MyD88-deficient mice 22, 30 activate a parallel inflammatory pathway and circumvent the requirement for MyD88. The more modest elevation in tissue spirochetes observed in TLR2 Ϫ/Ϫ mice may not reach the threshold required for activation of this parallel pathway. The proportion of total serum hepcidin contributed by macrophages compared with hepatocytes is not clear, but the finding that spleen and isolated macrophage can respond to TLR agonists shows that hepcidin production by macrophages may be more important than originally thought.
In conclusion, hepcidin levels are elevated in mice infected with B burgdorferi. Elevated levels of hepcidin are associated with hypoferremia leading to anemia. The regulation of hepcidin in chronic inflammatory conditions appears to be more complex than originally described. TLR2 appears to play an important role in the production of hepcidin in Lyme disease, and macrophages secrete hepcidin in response to infection with B burgdorferi.
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